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Abstract

A study of tree island expansion was conducted through a dendrochronological analysis
of tree islands in Cavell Meadows, Jasper National Park. Stem establishment within tree
islands was used to test the expansion patterns of tree islands against three hypothetical
mechanisms. Stem establishment was found to be correlated to relative annual radial
growth in Abies lasiocarpa found growing in the lower continuous forest. A. lasiocarpa
growth patterns were in turn found to be correlated to local climate parameters. From
this relationship, future A. lasiocarpa radial growth in Cavell Meadows was extended
forward until 2100 using climate forecasts from the Canadian Climate Centre for
Modelling and Analysis third generation Global Coupled Climate Model. Future A.
lasiocarpa radial growth on Mt. Edith Cavell was forecasted to decline over the next 100
years. Future tree island expansion and establishment was forecasted to continue over the
next 100 years. Two different models identified three major pulses of probable stem
establishment (2007-2012, 2019, and 2039-2041). Although one model derived more

dates beyond these time periods, confidence in these other dates remains low.



Table of Contents

ADSraCT . . [
Acknowledgements . . ... .. i
Listof Tables .. ... o %
LISt Of FIQUIES . . . oo Vi
1.0 INtrodUCION . . .o .o 1
2.0 StUAY SIES . . oot 3
2.1 Treelsland Sampling Site. . . ... 3
2.2 Forest Sampling Site . . .. ... o 5
3.0 MethOds . .. .o 5
3.1 Treelsland Field Methods . . .......... .. o i 5
3.2 ForestField Methods . . .. ... 6
3.3 Sample Preparationand Analysis . ............ .. ... .. 7
3.4 Tree Island Spatial Age Modeling .. ............ .. ... ... ... ... ... 8
35 PUlSE INdEX . .o 9
3.6 Climate Analysis. . ... 10
3.7 Tree Growth Analysis . .. ... e 12
3.8 Intervention Modeling . . ........ ... 13



4.0 RESUIS . . . 15

4.1 Treelsland Sampling . .. ... 15
4.2 Forest Sampling . .. ..o 16
4.3 Tree Island Spatial Age Modeling . ........... ... .. 18
4.4 PulSe INAEX . . . oot 19
45 Climate AnalysiS . . . ..ot 20
4.6 Tree Growth Analysis . . ... e 28
4.7 Intervention Modeling . .. ... 36
5.0 DISCUSSION . . . .ttt e e e 40
5.1 Microsite Tree Island Expansion . ........... .. .. ... 40
5.2 Tree Island Spatial Age Modeling . . .......... ... ... i, 40
5.3 Pulse INdeX . ..o 41
54 Climate Modeling . ... e 41
5.5 Tree Growth Analysis . .. ... e 45
5.6 Intervention Analysis. . ... e 47
5.7 Combined Analysis . . ...t 48
6.0 ConClUSION . . .. o 51
7.0 Literature Cited . . . ..o 53



List of Tables
Table 1: Tree island characteristics for the 11 tree islands sampled in this study. . . . .. 15

Table 2: Forest sampling characteristics. Note: mean correlation values greater than
0.3281 are significant at the 99% confidencelevel. ............................ 16

Table 3: Variables identified as important in modeling past tree growth based on historic
Jasper data or historic Banff climate data and their relative importance. Variables in
italicized bold were identified as important in both models. .. ................... 30

Table 4: Relative importance of variables used in the CGCM3 model of A. lasiocarpa
growth. Note that variables in italicized bold were identified as important in both the
Jasper and the Banff models of pastgrowth .. .......... ... .. ... ... .. ... .... 32

Table 5: Climatically derived models for explaining past tree island establishment in
Cavell meadows and the relative effectiveness of each model. Note that radial growth
patterns of A. lasiocarpa were most effective in explaining total stem establishment,
defined as the percentage of total stems establishing in years with positive conditions for
growth. Whereas, historic climate data from Jasper was most effective at explaining
establishment years, defined as the percentage of years with at least one stem establishing
that coincided with years of positive growth conditions. . .. ..................... 39



List of Figures

Figure 1: Cavell Meadow study site. Note each tree symbol represents a tree island that
was sampled (Map courtesy of Google Earth 2007). .. ..... ... ... ... ... ...... 4

Figure 2: Sampling being undertaken in the Cavell Meadows ecosystem. Note the spatial
heterogeneity at the site. The red circle marks tree island 06BKL400. (Photo: Hart, S.J.

Figure 3: A). Theoretical Model 1. This diagram represents a radial growth pattern with
the oldest trees centered in the middle of the tree island. With increasing distance from
the middle, the ages drop in a symmetrical pattern. B). Theoretical Model I1. This
diagram represents a similar radial expansion pattern, but in this case the oldest tree in the
middle has died of old age leaving a donut-hole shaped model. This model was based on
observations of treeless patches within tree islands observed in the Cavell Meadow. ... 9

Figure 4: A. lasiocarpa and P. engelmanni master chronologies. Note the relative
congruency between the two species’ radial growth patterns. .. ................... 17

Figure 5: A). Three dimensional spatial age model of tree island 06BFL400. Note the east
to west elongation and the spatial variation in age peaks. B). Three dimensional spatial
age model of tree island 06BJL400. Note the north to south elongation and the peak in
age at the eastern edge of the treeisland. . .. ......... ... ... ... . ... L 18

Figure 6: Pulse index of tree island establishment in the Cavell Meadows. Note the
highest values for establishment coincide with the longest pulse (1938 — 1954). ... ... 19

Figure 7: PRECON 18 month (previous May to current October) climatic analysis
comparing P. engelmanni growth and historic Banff data. R-square of climate variables
was found to be 0.347. R-square of prior growth was found to be 0.378. The total R-
square of all variables was calculatedtobe 0.72. . . ........ ... ... .. .. .. ... ... 21

Figure 8: PRECON 18 month (previous May to current October) analysis comparing P.
engelmanni growth and historic Jasper climate data. R-square of climate variables was
found to be 0.360. R-square of prior growth was found to be 0.402. The total R-square
of all variables was calculated tobe 0.763. . . . .. ... ... . 22

Figure 9: PRECON 18 month (previous May to current October) analysis comparing A.
lasiocarpa growth and historic Banff data. R-square of climate variables was found to be
0.403. R-square of prior growth was found to be 0.342. The total R-square of all
variables was calculated tobe 0.74. . . . ... ... 23

Figure 10: PRECON 18 month (previous May to current October) analysis comparing A.
lasiocarpa growth and historic Jasper data. R-square of climate variables was found to
be 0.247. R-square of prior growth was found to be 0.479. The total R-square of all
variables was calculated to be 0.726. . . .. ... ... . 24

Vi



Figure 11: CGCM3 forecasted mean summer (JJA) temperature. The horizontal blue line
represents the average summer temperature from 1850 to 2000 based on historic CCCma
data. Light blue bars correspond to periods of below or nearly below the 1850 to 2000
mean summer temperature and represents hypothesized periods of future tree island
establishment. . . . ... . 26

Figure 12: CGCMS3 SRES B scenario forecasted mean summer (JJA) temperature.
Forecasted mean summer temperature is shown by the red line. The blue line represents
a running 30 year mean. Significant periods of below mean temperature are highlighted
INHight bIUE. . ... 28

Figure 13: A. lasiocarpa master chronology and pulse index. Note major and minor
establishment pulses periods are highlighted in light blue. These pulses tend to be in
periods of above average A. lasiocarpa growth (ARSTAN values great than 1). .. .. .. 29

Figure 14: Actual historic A. lasiocarpa growth and modeled growth from both the Banff
and the Jasper data sets from 1895t02000. .. .......... .. i i 31

Figure 15: CGCM3 model of A. lasiocarpa growth. Future growth of A. lasiocarpa as
defined by the ARSTAN average master chronology is displayed in black. The
calibration periods represent the years the model was derived from. Verification
represents the years not used in the calibration and thus were used as data to check the
ability of the model to fit past growth. The model’s forecasted future growth of A.
lasiocarpa isrepresented INTed. . .. ... ottt 32

Figure 16: Future forecasted growth of A. lasiocarpa. Periods of above average growth
and near average growth are highlighted in lightblue. . . ........................ 34

Figure 17: Forecasted future A. lasiocarpa growth on Mt. Edith Cavell. Modeled growth
is identified by the red line. A 30-year running mean of future growth is displayed by the
dark blue line. Periods of growth identified as being greater than this 30 year running

mean are highlighted by lightbluebar. ........ ... ... .. ... .. . . . i ... 35

Figure 18: Intervention model of Mt. Edith Cavell A. lasiocarpa. Tree growth is
displayed in black and the intervention phases are shown by the green line. Positive
phases are highlighted by lightbluebars. .......... ... ... .. .. .. ... .. .. ..... 36

Figure 19: Congruency between intervention models. The actual radial growth pattern of
the Mt. Edith Cavell is shown in black. Modeled growth is shown in blue. The
intervention model derived from past tree growth patterns is shown by the blue line. The
intervention model derived from modeled tree growth is shown in red. Both models
show phase switches that occur at roughly the same time during the period of overlaps
(1850-2000). . . ot ettt e 37

vii



Figure 20: The future intervention model for Mount Edith Cavell, displayed in red.
Forecasted future Mt. Edith Cavell A. lasiocarpa growth patterns are displayed in dark
blue. Positive phases as identified by the intervention model are highlighted by light blue

Figure 21: Historic mean summer (JJA) temperature for both Banff and Jasper. The
Jasper summer average represents the mean summer temperatures from 1916 to 2006.
Banff average summer temperature represents the mean summer temperatures from 1895
to 2006. Note the time period highlighted in light blue corresponds to an extended period
of lower than average local temperature at both Jasperand Banff. . ................ 43

Figure 22: Forecasted future stem establishment pulses in Cavell Meadows based upon
five models of stem establishment (mean summer temperature, 30-year running mean on
summer temperature, A. lasiocarpa growth, 30-year running mean on A. lasiocarpa
growth, and A. lasiocarpa intervention models). . .. ........ .. o o 49

Figure 23: Forecasted future stem establishment pulses in Cavell Meadows based upon
three models of stem establishment (30-year running mean on average summer
temperature, 30-year running mean on A. lasiocarpa growth, and A. lasiocarpa
interventionmodel). . ......... ... ..

viii



1.0 Introduction

Mt. Edith Cavell is a popular tourist location in Jasper National Park, Alberta found
within the Southern Canadian Rockies. This mountain chain is characterized by a
continental climate dominated by cold polar air masses in the winter and dry Chinook
winds and great temperature fluctuation in the summer (Arno 1985). Located below the
mountain’s northern face is a sensitive alpine ecosystem locally referred to as the Cavell
Meadows. The ecosystem is dominated by small slow-growing herbaceous plants and
grasses and scattered tree islands. The Cavell Meadows ecosystem was identified as an
environmentally sensitive ecosystem by Parks Canada in 1988 (Jasper National Park of
Canada 2005). The environment is home to many sensitive species including the
endangered woodland caribou (Rangifer tarandus caribou) and has been described as
containing a unique assemblage of species found no where else in the Rocky Mountain
parks (Jasper National Park of Canada 2005). Today, the Cavell Meadows exist as a

habitat island surrounded by an encroaching treeline.

The Cavell Meadows are found within the treeline ecotone, the transition zone between
the forest line, the upper limit of continuous forest, and the tree limit, the highest point at
which trees are found (Arno 1985). An increase in altitude is associated with a decrease
in tree size, increased deformity, changes in species distribution, and increases in treeless
space (Marr 1977). The tree community on Mt. Edith Cavell is dominated by full size
Pinus contorta var. latifolia Engelm. (lodgepole pine) and Pseudotsuga menziesii var.

glauca (Beissn.) Franco (interior Douglas-fir) at low elevations and grades to a



heterogenous forest of Picea englamanni Parry (engelmann spruce) and Abies lasiocarpa
(Hook.) Nutt. (subalpine fir) just below treeline. At the tree limit, P. engelmanni is no
longer found and only A. lasiocarpa is present. A. lasiocarpa exists predominantly in
stunted tree islands, which reproduce through vegetative layering. Vegetative layering is
a method of reproduction through which branches growing horizontally from a vertical
stem take root and begin to grow vertically as a new stem (Arno 1985). The new vertical

stem is then capable of sustaining itself should the parent tree die.

Elevational treelines frequently represent a climatically determined ecotone (Lloyd and
Graumlich 1997). The absence of trees above a certain elevation is related to the trees
inability to withstand harsh climatic conditions such as blowing ice, strong winds,
desiccation and extreme temperatures (Stevens and Fox 1991). The changing climate has
convincingly been shown to affect biological systems (Parmesan and Yohe 2003). Past
studies on treelines have shown that changing climate can alter these positions (Kearney
1982, Kearney and Luckman 1983, Laroque et al. 2000, Robichaud and Laroque 2005).
Furthermore tree density has been found to increase with changes in climate (Kavanagh

2000).

Qualitative comparison between the 1915 Bridgeland photographic series and the retakes
conducted by Rhemtulla et al. (2002) indicate that forest cover is already changing on Mt.
Edith Cavell. The longevity of the Cavell Meadows ecosystem may be limited by the
movement of the forest line upslope and/or infilling of trees from the expansion of tree

islands that are scattered throughout the meadows.



In this study, tree island expansion and establishment in Cavell Meadows is hypothesized
to follow one of three modes. First, tree island establishment and expansion patterns
have been linked to microsite characteristics (Marr 1977). Thus we hypothesize that the
ages of trees within a tree island will relate to the microsite characteristics and therefore
little correlation between expansion patterns of different tree islands across the Cavell
Meadows ecotone would be visible. Secondly, tree island movement work has classically
assumed that the youngest stems are those on the perimeter of the island (Marr 1977,
Benedict 1984). We hypothesize that tree island expansion occurs in a radial pattern with
the oldest trees located in the center of the tree island and trees becoming progressively
younger towards the edges. Alternatively, we hypothesize that the expansion of tree
islands mirrors the movement of the tree lines and therefore, expansion occurs as a
response to climate. This study will therefore test the preceding three hypotheses with a

main goal of determining how the tree islands in Cavell Meadows establish and expand.

2.0 Study Site

2.1 Tree Island Sampling Sites

The Cavell Meadows ecosystem is located at 52.68'N latitude and 118.03'W longitude.
The meadow is found on a western facing slope that was found to vary in gradient

between 5° and 26°. Sampling was conducted on August 19, 2006. In the meadow



habitat, eleven tree islands were sampled. The islands were selected to include spatial,
altitudinal, and morphological variety. The islands fell within an elevation range of 2068
+ 6 mto 2188 £ 6 m. The substrate was found to be predominately quartzite and
limestone based. Abies lasiocarpa was the dominate tree species, however a few Picea
engelmanni and Picea albicus individuals were found. The site was dominated by small
herbs and grasses including Phyllodoce empetriformis (Red Mountain heath), Silene

acaulis (Moss campion), Poa glauca (Timberline bluegrass), Castilleja miniata (Scarlet

Paintbrush), and Erigeron purpuratus (Purple fleabane).

Figure 1: Cavell Meadows study site. Note each tree symbol represents a tree island that
was sampled (Map courtesy of Google Earth 2007).



2.2 Forest Sampling Site

Sampling of A. lasiocarpa and P. engelmanni trees below tree line was conducted in the
forest upslope from the parking lot of the Cavell walkway. The exact sampling location
centered on 52" 41.221° N latitude and 118" 03.086° W longitude. The elevation at the
site was found to be 2014 £ 30 m. Sampling at this site was conducted on August 20,
2006. Dominate and co-dominate trees within a 200 metre radius of the center point were

selected as representative trees of the contiguous forest.

3.0 Methods

3.1 Tree Island Field Methods

Eleven tree islands were randomly sampled. At each island, two transects were
constructed, one running north-south and one running east-west. Along each transect 11
stems were sampled at even intervals that varied in accordance with each tree island’s
diameter. The first and eleventh samples were taken at the absolute edges of the tree
island. The majority of trees were sampled using 5.1 mm increment borers. One core
was taken from the base of each tree sampled using standard base coring
dendrochronology techniques. Destructive sampling was undertaken for trees that were
small in diameter (>7.0 cm). Each tree cookie or tree core was labeled to indicate their

position within each sampled tree island. Each stem diameter was measured at the base



using a DBH tape. The height of each stem was also recorded using a measuring tape
and where necessary a clinometer. At each site, characteristics about the microhabitat

were recorded including soil characteristics, reproductive techniques, latitude and

longitude, elevation, vegetation types, slope, and aspect.

Figure 2: Sampling being undertaken in the Cavell Meadows ecosystem. Note the spatial
heterogeneity at the site. The red circle marks tree island 06BKL400. (Photo: Hart, S.J.
2006).

3.2 Forest Field Methods
Sampling of trees in the mature forest below treeline was conducted using standard
dendrochonology techniques. Two cores were taken at breast height for each tree. Cores

were taken at180° to one another, because the trees were found growing on a slope, to



acquire cores that could be used together to derive the average growth of the tree species
at the site. Twenty trees were sampled for both A. lasiocarpa and P. engelmmani for a

total of 40 cores per set.

3.3 Sample Preparation and Analysis

All cores taken were transported back to the Mouint Allison Dendrochronology
Laboratory, air dried, and glued into slotted mounting boards. The cores and tree cookies
were then sanded to a 600 grit polish. Samples from the tree islands were aged by
counting annual rings, using a light microscope. A more intensive analysis was
undertaken for the trees growing below treeline. Ring widths of each sample were
measured using WinDendro computer software and a high resolution flatbed scanner to
allow for the extraction of growth trends. This type of analysis was not undertaken for
tree island samples because the harsh growing conditions made obtaining a unified

growth pattern of these small stems extremely difficult.

Ring width patterns for each species were crossdated both visually and using the
statistical program COFECHA (Holmes et al., 1986). COFECHA correlations were
derived using 50 year segments lagged successively by 25 years. Trees that exhibited
growth patterns that were deemed anomalous to the group signal were removed from the
data set. Each data set was then analyzed using program ARSTAN (Cook 1999). A

single detrending method was implemented to derive a master average chronology that



illustrated the unified growth signal of both A. lasiocarpa and P. engelmmani. All

samples were detrended using a linear regression or an exponential function.

3.4 Tree Island Spatial Age Modeling

The spatial pattern of age within each tree island was analyzed using three dimensional
modeling to determine how each tree island was expanding utilizing program SURFER
(SURFER 1997). Aconservative triangulation griding method was applied in conjunction
with linear interpolation. This method was selected as the most appropriate technique by
comparing different outputs against two theoretical data sets created to support the radial

expansion hypothesis (Figure 3A and Figure 3B).
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Figure 3: A). Theoretical Model I. This diagram represents a radial growth pattern with the oldest trees
centered in the middle of the tree island. With increasing distance from the middle, the ages drop in a
symmetrical pattern. B). Theoretical Model I1. This diagram represents a similar radial expansion pattern,
but in this case the oldest tree in the middle has died of old age leaving a donut-hole shaped model. This
model was based on observations of treeless patches within tree islands observed in the Cavell Meadows.

In both models, the ridges correspond with the sampling transects. Values are higher
along the transects than in each of the four quadrants to ensure a conservative estimate of
stem age in areas not sampled. The models of each tree island were then visually

compared to the hypothetical models to asses the radial expansion hypothesis.

3.5 Pulse Index

To highlight periods of tree island expansion, a pulse index using summed data from all
the tree islands was created to identify time periods when stem establishment was high in

the Cavell Meadows. The index was constructed by creating a frequency distribution



based on establishment year. A 3-year running sum was then applied to the frequencies
to determine which periods of time displayed high establishment. Where sums were
greater than 20, an index value of five was assigned to represent high establishment. An
index value of 3 was assigned to sums greater than 15, to represent medium
establishment. Finally for periods of low but still significant establishment, a sum greater

than 10, an index value of 1 was assigned.

3.6 Climate Analysis

The degree to which A. lasiocarpa growth was controlled by climate was then examined.
Program PRECON, which uses a principle component analysis, was conducted on 43
variables to identify factors significantly correlated to radial growth rates to trees at the
lower site. Monthly precipitation and temperature for both the current year and the
previous year were used as independent variables in the analysis. However, data for the
months of October, November, and December of the current year were deemed
ecologically unimportant because tree ring growth occurs before these months and thus
were not used in the analysis. In addition to the 42 climatic variables, previous year tree
growth was included, as it reflects the store of energy a tree can commit to the next year’s

growth.

Climate variables were assembled from historic climate data from two locations, Jasper

(Climate Station ID 3053519 combined with Climate Station ID 3053520) and Banff

10



(Climate Station ID 3050520) (Climate Monitoring and Data Interpretation Division
2007). While Jasper is geographically closer to the study site, Banff is closer in elevation
and provides a longer record of climate data. Climate parameters identified as driving A.
lasiocarpa in the continuous forest were then applied to explaining establishment of tree
island stems in the Cavell Meadows ecosystem. Two measurements of the ability of
climate to model past establishment were used. Total stem establishment was defined as
the percentage of totals stems establishing in years with positive climatic conditions for
growth. Establishment years was defined as the percentage of years with at least one

stem establishing that coincided with years of positive growth climatic conditions.

Climatic relationships defined from historic establishment data were then forecasted into
the future using data from the Canadian Centre for Climate Modelling and Analysis. The
third version of the Canadian Centre for Climate Modelling and Analysis Coupled Global
Climate Model (CGCM3), which was released for public use in 2007, was used for this
analysis. The T63 version, which operates a spatial scale of 2.185° latitude by 2.185°
longitude, was specifically selected. A grid square centered at 40.46°N and 118.12° W
was selected to represent the climate on Mt. Edith Cavell. The model runs off of four
different IPCC SRES scenarios, the A1B (stabilization of atmospheric CO; at 720 ppm by
2100), the B1 (2100 stabilization at 550 ppm), the A2 (atmospheric CO, continues to
increase past 720 ppm and does not stabilize), and COMMIT (stabilization at 2000
levels), and PICNTRL (pre-industrialization level stabilization). For this analysis the B1
scenario was selected as a conservative estimate of the future effects of changing climate

on the Mt. Edith Cavell tree community. From this data set and the correlations derived
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from historic climate and establishment data, future periods of tree island expansion were

predicted.

3.7 Tree Growth Analysis

The degree to which establishment within the tree islands was correlated to radial growth
patterns in the continuous forest was analyzed by visually comparing the A. lasiocarpa
master chronology to the pulse index. Statistically, the ability of good growing seasons,
defined as above average growth (ARSTAN Index values >1.0), to account for stem

establishment and years with establishment occurring was calculated.

To forecast this relationship into the future, A. lasiocarpa growth had to be modeled.
Historic Banff and Jasper climate data were compared to the Mt. Edith Cavell A.
lasiocarpa master chronology separately using a forward stepwise regression to model
tree growth as a response to climate and prior growth. For both stepwise regressions
performed, the modeling was based off 100% of the available data, 110 years (1895-
2005) for Banff and 69 years (1936-2005) for Jasper. The 10% rule was applied, thus for
the 110 years of Banff data the top 11 variables were used to create a Banff model. For

Jasper, the top 7 variables were used to model A. lasiocarpa growth.

To project this relationship into the future, data from the CGCM3 T63 version SRES B1

scenario was used. Only variables deemed locally and ecologically important, as

12



identified by the Jasper model and/or the Banff model were used in future forecast
modeling. The CGCMS3 data was used in a forward stepwise regression to derive an
equation for past A. lasiocarpa annual growth. To ensure the model was accurate, only
100 of the available 150 years of past climate data were used to calibrate the model. The
remaining 50 were used to verify the accuracy of the model. Two, 25 year periods were
chosen to make up the 50 years of verification data. These time periods were from 1875-
1899 and 1925-1949. These time periods were chosen because they represent the core of
the data without removing a large a segment of continuous data. The ability of the
model to fit the data not included in the calibration was verified both visually and using a
Pearson correlation test. After verifying the model was accurate, it was run forward

based on future CGCM3 SRES B1 scenario data until 2100.

3.8 Intervention Modeling

An intervention model was made using the A. lasiocarpa chronology to identify periods
of a positive phase of growth (times when growth was above average or increasing), and
negative phases of growth (times when growth was decreasing). This model was
designed to account for the differences in growth experienced by trees growing in the
continuous forest and trees growing in Cavell Meadows. Positive phases were
hypothesized to be similar for trees growing in the continuous forest and trees growing in
the alpine meadow. The intervention model was created using an intervention detection

algorithm (c.f. Gedalof and Smith, 2001). A two sample t-test with a 30 year moving

13



window was used to identify if the average of first 15 years were significantly different
from the average of the last 15 years within the window. Positive shifts were then
identified for years where tree growth was above average (ARSTAN values greater than
one) or where the mean of the last 15 years was greater than the mean of the first 15
years. Negative shifts were only identified for years where the mean of the last 15 years
was less than the mean of the first 15 years. Because in most cases shifts were identified
to occur in more than one consecutive year, differences in growth from the past year to
the previous were calculated. This allowed for the identification of the most probable
year were the shift occurred. Because the intervention model uses a 30 year window, the
first 15 years of data and the last 15 years of data in the overall time series of radial
growth cannot be used. To maximize the amount of data, phase shifts in these 15-year
data tails was estimated visually. The ability of the intervention model’s positive phases

to account for stem establishment within the tree islands was then tested.

A new intervention model was then created with the CGCM3 (SRES-B1) model of A.
lasiocarpa growth. Congruency between the tree growth intervention model and the
modeled growth intervention model were then tested using a common time frame (1850-
2000). After establishing the ability of the two models to identify the same phase
changes, the modeled growth intervention model was allowed to run forward until 2100.
Phases of positive growth were then identified and used to forecast future tree island

establishment.
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4.0 Results

4.1 Tree Island Sampling

In the field, 242 samples were taken in the Cavell Meadows ecosystem. Four samples
were lost in transport, resulting in the analysis of 238 samples. The youngest tree island,
as identified by having the lowest maximum tree age, was 128 years old (Table 1). The
oldest tree island was identified as being 240 years old (Table 1). Of the 11 tree islands,
7 were elongated in a north to south direction (Table 1). The tree islands were found to

vary in shape; none were found to be perfectly circular.

Table 1: Tree island characteristics for the 11 tree islands sampled in this study.

Elevation Max Avg Diameter Avg Elongation
Site ID (m) Slope (°) Aspect (°) Age (cm) Height (m)  Direction

06BEL400 2185 10 246 236 5.34 1.71 North-South
06BFL400 2132 11 278 154 3.95 1.35 North-South
06BGL400 2118 17 296 92 5.05 1.92 East-West
06BHL400 2138 12 278 129 3.21 3.35 North-South
06BIL400 2138 26 290 132 3.03 1.06 East-West
06BJL400 2188 16 280 201 6.16 1.55 North-South
06BKL400 2173 19 270 134 3.40 1.39 North-South
06BIL400 2176 10 308 128 4.19 1.61 East-West
06BML400 2153 18 280 156 12.04 5.76 East-West
06BNL400 2137 5 258 240 8.11 4.93 North-South
06BOL400 2068 5 325 164 13.45 5.73 North-South

15



4.2 Forest Sampling

The oldest A. lasiocarpa sampled in the continuous forest was found to be 262 years old
(Table 2). The oldest P. engelmanni sampled was found to be 367 years old (Table 2).
Using 50 year segments lagged successively by 25 years, the COFECHA correlation
derived from the A. lasiocarpa set was found to be statistically significant at 0.420 (Table
2). Two cores were deemed anomalous and were removed from the set, thus a total of
38 cores were used to express the growth relationship. Similarly, P. engelmanni
displayed a significant COFECHA correlation of 0.412 using 50 year segments lagged
successively by 25 years (Table 2). Five cores were removed from this set bringing the
total number of cores down to 35. The mean measurement of A. lasiocarpa was found to

be slightly wider than P. engelmanni (Table 2).

Table 2: Forest sampling characteristics. Note: mean correlation values greater than 0.3281

are significant at the 99% confidence level.

No.
Species Samples Interval | Years Mean Correlation Mean
P in with Master Measurement
Master
P. engelmanni 35 1640 | 2006 | 367 0.412 0.58
A. lasiocarpa 38 1745 | 2006 | 262 0.420 0.52

The ARSTAN analysis provided average master chronologies for each of the tree species
(Figure 4). A. lasiocarpa and P. engelmanni were found to follow similar radial growth

patterns. This similarity in growth patterns between A. lasiocarpa and P. engelmanni is

16



consistent with past work done in the Canadian Rockies (Luckman et al. 1997).
However, it should be noted that there are observable differences in the patterns. This
suggests that because the trees are in the same location, they are responding differently to
the same environmental conditions. For instance, in the 1850s, A. lasiocarpa peaks were
above average, when P. engelmanni illustrated below average growth (Figure 4). Also it
should be noted that relative strengths of the peaks and valleys do not always agree

between the two species, for example the difference in growth in 1910.
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Figure 4: A. lasiocarpa and P. engelmanni master chronologies. Note the relative congruency between
the two species’ radial growth patterns.
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4.3 Tree Island Spatial Age Modeling

All 11 islands were structurally modeled to assess the radial growth hypothesis. Of the 11

tree islands, none showed the theoretical model | pattern, with the oldest trees clustered in

the center (see Figure 3A). Theoretical model I, (see Figure 3B), with the oldest tree

having died prior to sampling, was not shown by any of the sampled tree islands either.

Typical tree island spatial age patterns showed no clear pattern between location within

the tree island and stem age (c.f. Figure 5A and Figure 5B). The eleven different models

generated illustrate significant variation in spatial age patterns.
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Figure 5: A). Three dimensional spatial age model of tree island 06BFL400. Note the east to west elongation
and the spatial variation in age peaks. B). Three dimensional spatial age model of tree island 06BJL400. Note

the north to south elongation and the peak in age at the eastern edge of the tree island.
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4.4 Pulse Index

The pulse index identified 3 major pulses, which were identified as periods in time in
which anomalously long periods of high establishment were recorded. These periods
were identified to occur from 1911 to 1915, from 1922 to 1934 and from 1938 to 1954
(Figure 6). Four minor pulses were also identified, from 1890 to 1892, 1958, 1960 to

1961, and 1981 (Figure 6).

Pulse Index

1
O+—T—T—T——T—T"TT T T T T T T T T T T T T T T T T T I

1768 1791 1816 1841 1866 1891 1916 1941 1966 1991
Year

Figure 6: Pulse index of tree island establishment in the Cavell Meadows. Note the highest
values for establishment coincide with the longest pulse (1938 — 1954).

19



4.5 Climate Analysis

The analysis conducted between the P. engelmanni master chronology, as the dependent
variable and Banff climate data as independent variables revealed a statistically
significant negative correlation between previous June, previous July and previous
August temperature (Figure 7). A positive correlation between prior year’s growth and
current year’s growth was also identified as statically significant (Figure 7). The analysis
between P. engelmanni and Jasper climate data again reveals a statistically significant
relationship between previous July and August temperature and current growth (Figure
8). Current April temperature was also found to be statistically significant (Figure 8). In
the analysis with Banff data, April temperature was not identified as statistically

significant but a strong negative correlation was still present (Figure 7).
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Figure 7: PRECON 18 month (previous May to current October) climatic analysis
comparing P. engelmanni growth and historic Banff data. R-square of climate variables
was found to be 0.347. R-square of prior growth was found to be 0.378. The total R-

square of all variables was calculated to be 0.725.
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Figure 8: PRECON 18 month (previous May to current October) analysis comparing P.
engelmanni growth and historic Jasper climate data. R-square of climate variables was
found to be 0.360. R-square of prior growth was found to be 0.402. The total R-square

of all variables was calculated to be 0.763.

Similarly, the PRECON analyses of A. lasiocarpa highlighted the importance of

temperature variables in controlling radial growth patterns. The PRECON comparing

Banff historic climate and A. lasiocarpa growth suggested previous June, July, and

August temperature and current May temperature were significant drivers of current

growth (Figure 11). The PRECON analysis of historic Jasper climate data and A.

lasiocarpa suggests that growth is influenced by current July temperature and prior

growth (Figure 12). While not statistically significant, the Jasper analysis also shows a

negative correlation with previous summer temperature (June, July and August = JJA).
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Figure 9: PRECON 18 month (previous May to current October) analysis comparing A.
lasiocarpa growth and historic Banff data. R-square of climate variables was found to be
0.403. R-square of prior growth was found to be 0.342. The total R-square of all

variables was calculated to be 0.745.
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Figure 10: PRECON 18 month (previous May to current October) analysis comparing A.
lasiocarpa growth and historic Jasper data. R-square of climate variables was found to
be 0.247. R-square of prior growth was found to be 0.479. The total R-square of all
variables was calculated to be 0.726.

PRECON analyses of both A. lasiocarpa and P. engelmmani growth showed climatic
variables to be important in driving annual growth rates with R-square values for climate
ranging between 0.247 to 0.403 (Figure 7, Figure 8, Figure 9, and Figure 10). Slightly
different variables were found to be important in driving the growth of each species. The
predominant signal suggests a negative correlation between previous summer
temperatures (JJA) and tree growth of both A. lasiocarpa and P. engelmanni on Mt. Edith

Cavell.
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The dominant form of stem establishment in the Cavell Meadows tree island ecosystem
was found to be through vegetative layering. The amount of energy a mother tree can
allocate into the production of a new stem is correlated to amount of energy the tree has
stored from the past year. Thus climatic conditions the mother tree experiences in the
year prior to a stem’s establishment is considered important. If the factors forcing tree
growth in the continuous forest were also controlling stem establishment within the tree
islands, it would be expected that previous mean summer temperature would be an
important variable. Establishment of stems within the tree islands was found to be
explained by years in which the previous mean summer temperature was below average
(explains between 50-61% of establishment depending on the historical climate record
used) (Table 5). Furthermore for years identified as establishment years, below average

previous mean summer temperature occurred in 44% to 74 % of the years (Table 5).

To forecast future tree island expansion and establishment, CGCM3 scenario mean
summer temperatures were examined. Based on the assumption that tree island
expansion will continue to occur when mean summer temperature is below the 1850-
2000 mean, periods of expansion were highlighted (Figure 11). Because of the dramatic
increase in forecasted temperature, only three brief periods could be identified as below
this average over the time period from 2000 to 2100. Two future periods could be

identified as near or below average, from 2031 to 2032 and 2046 to 2047.
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Figure 11: CGCM3 forecasted mean summer (JJA) temperature. The horizontal blue line represents the
average summer temperature from 1850 to 2000 based on historic CCCma data. Light blue bars
correspond to periods of below or nearly below the 1850 to 2000 mean summer temperature and
represents hypothesized periods of future tree island establishment.

The correlations between tree growth and climate were based off of A. lasiocarpa
growing at its lowest elevation range on Mt. Edith Cavell. Because temperature
decreases with an increase in elevation, the tree islands were growing in cooler conditions
(~225 m above the lower forest). Thus the changes in temperature will likely affect the

forest trees and the tree island trees differently. Compounding this fact, not only tree
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island expansion but also the establishment of new tree islands needed to be forecasted.
Warming climates have been shown to force treelines higher upslope in Jasper National
Park (Kearney 1982, Kearney and Luckman 1983, Robichaud and Laroque 2005). Thus
temperature change and the relationship to tree growth from the lower limit of A.
lasiocarpa to areas above the current tree line had to be assessed. To account for this,
periods of above or below average growth were redefined. A 30 year running mean was
applied to historic CGCM3 data. This mean revealed that 58% of total stems established
during periods of mean summer temperature below the 30 year mean during the interval
(1865-1992) (Table 5). Similarly, 67% of establishment years coincided with years of

mean summer temperature below the 30 year average (Table 5).

Based on the strength of this relationship, a 30 year mean was applied to forecasted
CGCM3 data to highlight periods of below average summer temperatures. Twenty-four
periods were identified as below the running mean: 2010, 2014-2015, 2017-2019, 2021-
2022, 2024, 2026-2028, 2031, 2033-2035, 2038, 2043-2044, 2046-2049, 2051, 2053-
2054, 2057-2061, 2065, 2068, 2077, 2079-2080, 2082, 2084-2085, 2087-2089, 2094-
2095, and 2099. Five periods in time were identified as having extended periods of
below average summer temperatures (Figure 12). These periods were identified to occur

from 2001-2004, 2029-2043, 2051-2057, 2067-2083, and 2096-2098.
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Figure 12: CGCM3 SRES B1 scenario forecasted mean summer (JJA) temperature. Forecasted
mean summer temperature is shown by the red line. The blue line represents a running 30 year
mean. Significant periods of below mean temperature are highlighted in light blue.

4.6 Tree Growth Analysis

Pulses of tree establishment in Cavell Meadows were then compared to the A. lasiocarpa
master chronology to examine the relationship between tree-ring radial growth patterns
derived from the continuous forest and tree establishment in the tree islands (Figure 8).

Growth pulses were found to correspond to periods of above average growth (ARSTAN
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values greater than 1). Statistical analysis showed that 63% of total stem establishment

occurred during periods of above average growth (Table 5).
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Figure 13: A. lasiocarpa master chronology and pulse index. Note major and minor
establishment pulses periods are highlighted in light blue. These pulses tend to be in periods of
above average A. lasiocarpa growth (ARSTAN values great than 1).

To forecast this relationship in the future, A. lasiocarpa growth was modeled into the
future. Based on the PRECON analyses that showed climatic parameters to be important

in driving A. lasiocarpa growth, two climatically driven models of past growth were
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made. One model was based on historic Jasper climate data and the other on historic
Banff data. The forward stepwise regressions identified 14 different variables as being
important in A. lasiocarpa growth. Of the 14 different climatic variables, 9 were found to
be related to temperature and 4 to precipitation (Table 3). Eight of the climatic variables
were found to relate to the previous years climate (Table 3). Using 7 variables, the Jasper
data was able to explain 71% of the variation in tree growth (Figure 13). Using 11
variables and 40 more years of data, the Banff data was able to explain 69% of the
variation in tree growth (Figure 13). The agreement between the PRECON analysis and
stepwise regression was quite high, with 4 of 6 variables identified as statically important
in driving A. lasiocarpa growth through principal component analysis identified in the

stepwise regression as well (Figure 9, Figure 10, and Table 3).

Table 3: Variables identified as important in modeling past tree growth based on historic
Jasper data or historic Banff climate data and their relative importance. Variables in
italicized bold were identified as important in both models.

Relative Jasper Banff
Importance (R-sq = 70.94%) (R-sq = 68.88%)

1 Previous year tree growth | Previous year tree growth

2 Previous July Previous July temperature
temperature

3 January precipitation Previous June temperature

4 Previous May precipitation Previous April temperature

5 Previous June Previous July precipitation
temperature

6 Previous April June temperature
temperature

7 September temperature September precipitation

8 Previous February temperature

9 Previous November temperature

10 Previous August temperature

11 August Temperature
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An illustration of both the Jasper model and the Banff model in comparison with the A.
lasiocarpa master chronology revealed a close visual fit between the data (Figure 14). It

also can be seen that the two models agree to a high degree.
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Figure 14: Actual historic A. lasiocarpa growth and modeled growth from both the Banff and the Jasper
data sets from 1895 to 2000.
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The fourteen different variables (Table 3) determined to be of importance in modeling A.
lasiocarpa growth based off local climate data were then selected to model growth based
on CGCM3 data. The relative importance of each variable in tree growth based on the
CGCM3 model is displayed in Table 3. The model based on CGCM3 data correlated
significantly with the A. lasiocarpa master chronology (R-sq = 60.31 %). A Pearson
correlation value of 0.898 was achieved at a p-value below 0.000 for the verification time

periods. This model was deemed successful and allowed to run forward until 2100.

Table 4: Relative importance of variables used in the CGCM3 model of A. lasiocarpa
growth. Note that variables in italicized bold were identified as important in both the
Jasper and the Banff models of past growth.

Relative CGCM3
Importance (R-sq 60.31)

1 Previous year tree growth

Previous February precipitation

June temperature

Previous May precipitation

September temperature

Previous November temperature

Previous July temperature

Previous July precipitation

OO N0 B~WDN

September precipitation

(=Y
o

Previous June temperature
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Figure 15: CGCM3 model of A. lasiocarpa growth. Future growth of A. lasiocarpa as defined by the
ARSTAN average master chronology is displayed in black. The calibration periods represent the years the
model was derived from. Verification represents the years not used in the calibration and thus were used as
data to check the ability of the model to fit past growth. The model’s forecasted future growth of A.

lasiocarpa is represented in red.

In general, the forecasted annual radial growth pattern of A. lasiocarpa appears to be
declining, especially near the end of the time interval (Figure 15). This model was then
used to identify periods of roughly average or above average growth for A. lasiocarpa
over the next 100 years (Figure 16). Periods of forecasted above average (based on 1768-

2006 growth), were then identified (ARSTAN values greater than 1) (Figure 16). Only
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six brief periods could be identified because the forecasted A. lasiocarpa growth displays
such a downward trend. These periods were from 2007-2013, 2019-2021, 2026-2030,

2038-2039, 2063-2064, and 2068-2069.
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Figure 16: Future forecasted growth of A. lasiocarpa. Periods of above average growth and near
average growth are highlighted in light blue.

Using a running 30-year mean on forecasted tree growth revealed more time periods
could be identified as above average, despite the downward trend (Figure 17). Eleven
periods of above average growth were found using this mean: 2007-2012, 2019-2020,

2022, 2026-2029, 2033-2036, 2038-2041, 2047-2049, 2058, 2061-2071, 2078-2083, and
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2084-2092 (Figure 17). The longest periods of forecasted above average growth were

found to be in the latter part of the fore coming century.
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Figure 17: Forecasted future A. lasiocarpa growth on Mt. Edith Cavell. Modeled growth is identified
by the red line. A 30-year running mean of future growth is displayed by the dark blue line. Periods
of growth identified as being greater than this 30 year running mean are highlighted by light blue bars.
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4.7 Intervention Modeling

Using the intervention model, positive and negative phases of A. lasiocarpa growth were
identified (Figure 18). Six positive phases were found to occur over the available time
scale (1763-2006). Positive phases in tree growth were found to explain 59% of tree
establishments (Table 5). Years in which establishment occurred were found to coincide

with positive phases 54% of the time (Table 5).

18

1.6 1

I Ao

x
S

1.2 ¥
= l' AN
||
<
|_
0 1
nd
<

0.8 1

0.6 -

0.4 T T T T T T T T T T T T T T T T T T T T T T T

1763 1783 1803 1823 1843 1863 1883 1903 1923 1943 1963 1983 2003
Year
—A. lasiocarpa — Intervention

Figure 18: Intervention model of Mt. Edith Cavell A. lasiocarpa. Tree growth is displayed in black and
the intervention phases are shown by the green line. Positive phases are highlighted by light blue bars.
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An intervention model was then created based off of CGCM3 modeled A. lasiocarpa
growth. This model was then compared to the intervention model based on actual A.
lasiocarpa growth (Figure 19). The ability of the two models to derive similar phase

switches was assessed and deemed successful (Figure 19).
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Figure 19: Congruency between intervention models. The actual radial growth pattern of the Mt. Edith
Cavell is shown in black. Modeled growth is shown in blue. The intervention model derived from past
tree growth patterns is shown by the blue line. The intervention model derived from modeled tree growth
is shown in red. Both models show phase switches that occur at roughly the same time during the period
of overlaps (1850-2000).
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After assessing the agreement between the two models was high, positive phases were
identified in the future intervention model (Figure 20). Four future positive phases were

identified: 2007-2012, 2025-2032, 2055-2060, and 2079-2081.
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Figure 20: The future intervention model for Mount Edith Cavell, displayed in red. Forecasted future
Mt. Edith Cavell A. lasiocarpa growth patterns are displayed in dark blue. Positive phases as
identified by the intervention model are highlighted by light blue bars.
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5.0 Discussion

5.1 Microsite Tree Island Expansion

With respect to the microsite expansion hypothesis, this study only looked at the effects
of elevation, slope, aspect, geographic position, tree island elongation direction, substrate,
vegetation community, and tree island shape (Table 1). No noticeable patterns were
observed across the 11 tree islands. Thus we suggest that microsite characteristics may
not be as important in driving tree island expansion as suggested by Marr (1977), at least

in the Cavell Meadows ecosystem.

5.2 Tree Island Spatial Age Modeling

The results of the tree island spatial age modeling suggest that there is no significant
pattern between stem age and position within the tree island for the 11 islands
investigated. The oldest trees were found in a variety of different positions within the 11
tree islands suggesting that the radial expansion hypothesis does not work well in this
environment. Supporting this conclusion is the lack of correlation between tree island
age and tree island area. If tree islands expansion took place in a radial fashion, we
would expect to see tree islands growing in the same habitat, to exhibit the same
characteristics where larger tree islands would be older. However, no such trend was

observed. Thus past work done on tree island migration by Marr (1977) and Benedict
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(1984) may not accurately represent the degree of movement in the Cavell Meadows tree
islands, but may be instead convoluted by other factors influencing the spatial age pattern

of stems within a tree island.

5.3 Pulse Index

The pulse index revealed 3 major and 4 minor periods of establishment. These pulses
were found to coincide with periods of both below 1850-2000 summer temperatures and
above average A. lasiocarpa annual growth. This supports the conclusions made

connecting tree growth, climate and stem establishment within the tree islands.

5.4 Climate Analysis

Consistent with past work, A. lasiocarpa growth was identified as being controlled by
climatic parameters (Kavanaugh 2000, Robichaud and Laroque 2005). PRECON
analyses of both P. engelmanni and A. lasiocapa identified strong negative correlations
between previous summer temperatures and tree growth, suggesting that higher
temperatures are detrimental to the growth of these species. In comparison, analyses
conducted on A. lasiocarpa in Jasper Natoinal Park by Robichaud and Laroque (2005)
suggested that current July temperature and previous year’s growth were the only factors

important in driving growth. However, the A. lasiocarapa surveyed in this study was
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located at a higher elevation, where temperatures were likely colder. Warmer summer
temperatures were likely not found to be significantly correlated to the Mt. Edith Cavell
because they were growing in a higher temperature environment. The negative
correlation between summer temperatures of the previous year and A. lasiocarpa annual
growth is consistent with work done in the Pacific Northwest (Ettl and Peterson 1995,

Peterson et al., 2002).

Current May temperature in the Banff PRECON and current April temperature in Jasper
PRECON was identified as important in affecting the growth of the Mt. Edith Cavell
population of A. lasiocarpa likely because of snow pack conditions. Evidence of this is
likely because Jasper is lower in elevation, it warms earlier in the year, and hence has a

one month delay in the current spring temperature correlation.

In Cavell Meadows, 61% of stem establishment could be explained by below average
summer temperatures in Banff (Table 5). Considering PRECON analysis suggested that
Banff climate variables could only explain 61% of A. lasiocarpa growth (Figure 9), this
relationship was deemed significant. Similarly, 50% of stem establishment in the tree
islands could be explained by below average summer temperature, while the PRECON
analysis revealed that Jasper climate could only explain 25% of A. lasiocarpa growth
patterns (Figure 10). This showed that summer temperatures were important in
controlling the growth of not only trees in the continuous forest but also stem

establishment within Cavell Meadows. Supporting this evidence, the strongest period of
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establishment as identified by the pulse index (Figure 6) overlaps with the extended

period of below average summer temperatures in both Jasper and Banff (Figure 21).
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Figure 21: Historic mean summer (JJA) temperature for both Banff and Jasper. The Jasper summer

average represents the mean summer temperatures from 1916 to 2006. Banff average summer
temperature represents the mean summer temperatures from 1895 to 2006. Note the time period

highlighted in light blue corresponds to an extended period of lower than average local temperature

at both Jasper and Banff.

43




The CCCma data was not as successful at explaining tree island stem establishment,
likely because Banff and Jasper data are more accurate representations of the climatic
conditions on Mount Edith Cavell. However, the ability of CCCma data to predict
establishment was deemed high enough that predictions about future establishment could
be made. Because of the forecasted increase in temperature, only three periods of below
1850-2000 average temperature and thus stem establishment in Cavell Meadows could be
predicted. This model likely does not accurately represent future establishment and
expansion, because we believe the tree line on Mount Edith Cavell to be a product of
harsh climatic conditions. Thus as the climate warms, establishment is likely to continue
in the meadows and spread up slope. This model was derived from trees growing at the
lower limit of A. lasiocarpa range and thus the model is capable of predicting the decline
of A. lasiocarpa at the lower continuous forest position, but probably does a disservice

modeling tree island expansion at higher elevations.

The 30-year mean summer temperature model was applied to resolve this situation. It
was slightly more successful at explaining total stem establishment than the CCCma
model based off of a consistent average temperature and significantly more successful at
explaining establishment years. This model was run forward to identify years that were
below average. Twenty four periods in the next 100 years could be identified as below
average, however some of the periods were quite small, one or two years. To better
estimate forecasted periods of significant tree island expansion and establishment,
extended periods of below average summer temperature were identified (Figure 11).

These periods of time are likely more representative of future expansion and
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establishment than the model based off of an 1850-2000 average, because it allows for
trees growing at higher elevations to respond to changes in climate differently than trees

at the lowest extent of the range.

5.5 Tree Growth Analysis

By using historical climate data | was able to model past growth and then transfer these
parameters to a model using GCM3 SRES B1 data. | was then able to forecast future
growth of A. lasiocarpa (Figure 15). Periods of above average growth in the future were
also identified (Figure 16). The positive correlation between above average tree growth
from the continuous forest and stem establishment in the tree island is expected to
continue in the future. Thus future periods of tree island expansion are likely to

correspond to time periods of above average A. lasiocarpa growth.

The model of future A. lasiocarpa growth indicates that the species radial growth will
decline over the next 100 years at the lower limits of its range (Figure 15). Similarly,
average annual temperature as forecasted by the CGCM3 SRES B1 model shows a
significant increase in average annul temperature. Because five of the variables used in
the model of future tree growth are temperature variables and PRECON analyses
indicated that temperature is negatively correlated to A. lasiocarpa growth, | have great
confidence that rising temperatures will negatively affect A. lasiocarpa growth at this

position in the forest. This relationship is also supported by observations made about
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changing tree community on Mt. Edith Cavell. A. lasiocarpa was only found at high
elevations where temperatures are cooler. With decreases in elevation, A. lasiocarpa was
out competed by P. englamanni which was in turn out competed by P. contorta and P.
menziesii. Thus it makes intuitive sense that warming temperatures will contribute to

lower A. lasiocarpa growth rates at its current lower limits.

Above average growth in A. lasiocarpa growth was most successful at explaining total
stem establishment (63%) (Table 5). This relationship is likely not as strong as it could
be because the environmental factors differ significantly between the continuous forest
and the alpine meadow. Regardless, it makes ecological sense that A. lasiocarpa radial
growth patterns would be correlated to the establishment of stems in a vegetative layering

system.

Only six brief periods of annual radial growth above the 1786 to 2006 average could be
identified because the forecast model of A. lasiocarpa radial growth shows such a
negative trend. Again because the relationship between tree growth and stem
establishment was based off of the relationship between A. lasiocarpa growing
significantly lower in the continuous forest, the predictive capacity weakens with
extrapolations into the future at a higher elevation. In response to climate change, trees
growing in the lower continuous forest will reach a temperature-growth threshold that
causes a decline in growth sooner than trees growing and establishing at higher

elevations.
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In a similar resolution to predicting stem establishment based on mean summer
temperatures, a 30-year running mean was applied to annual growth rate patterns. This
model was only slightly less successful than using average growth from 1786 to 2006 for
both total stem establishment and establishment years (Table 5). The 30-year running
mean on forecasted future tree growth revealed eleven periods of better than average
growing and thus hypothesized stem establishment (Figure 17). These periods are
hypothesized to be better estimations of future stem establishment in Cavell Meadows
because it allows for trees growing in the continuous forest to decline in growth more
rapidly than those at higher elevations. It thus also allows for hypothesized periods of not

only tree island expansion but also tress island establishment to be predicted.

5.6 Intervention Analysis

The intervention model was designed to account for the establishment pulses identified
by the pulse index (Figure 6) and resolve the issue that arose from comparing trees in the
lower continuous forest and those at higher elevations. Positive phases of A. lasiocarpa
growth were successful at explaining total stem establishment 59% of the time (Table 5).
This result was consistent with the results from both the mean summer temperature and
A. lasiocarpa annual radial growth models (c.f. Table 5). Using the climatically modeled
future A. lasiocarpa growth, four positive phases were identified. However, the model
loses some of the variability, likely because the warming temperatures are so negatively

affecting A. lasiocarpa growth in the continuous forest that periods of good growth
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cannot occur. The phases identified in the future cover longer periods of time than those

observed in the past. Thus extrapolations from this model are also limited.

5.7 Combined Analysis

Tree island expansion and establishment in Cavell Meadows is a convoluted process.
Establishment was found to be correlated to mean summer temperatures and tree growth
in the continuous forest. Because none of the five models discussed above showed a
strong dominance for being able to model expansion in the past, all five models were
combined to predict future establishment pulses in Cavell Meadows. Establishment
pulses were only defined as occurring when three or more of the models were in
agreement (Figure 22). Thus four major pulses could be identified to occur: 2001-2003,
2007-2012, 2019, and 2039-2041. Because this combined model includes the models
derived from future trends and historic averages, it fails at predicting pulses in the later
half of the century where derivation from historic averages is greater. However by using
five different models, this combined model is able to define clear future establishment

pulses.
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Figure 22: Forecasted future stem establishment pulses in Cavell Meadows based upon five models
of stem establishment (mean summer temperature, 30-year running mean on summer temperature,
A. lasiocarpa growth, 30-year running mean on A. lasiocarpa

growth, and A. lasiocarpa intervention models).

Using only models that compensate for differential responses of trees in the lower forest
and trees in the alpine meadow with respect to changes in climate, the intervention
model, 30-year running mean of A. lasiocarpa growth, and 30-year running mean of
mean summer temperature, another combined model was created (Figure 23). Only when
two or more models were in agreement were periods of establishment hypothesized to

occur. Twenty-one periods of forecasted establishment were thus defined: 2001-2003,
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2005, 2007-2013, 2016, 2020, 2022-2023, 2029, 2036, 2039-2042, 2045, 2046-2048,
2050, 2055-2056, 2058, 2062-2064, 2066-2067, 2068-2070, 2081, 2086, 2091-2092,
2098. Because this model only incorporated three different models, it was not as
successful at forecasting growth pulses. It was more successful at predicting
establishment years, but this may be difficult to use for monitoring tree island

establishment in Cavell Meadows.

Number of Models in Agreement

Figure 23: Forecasted future stem establishment pulses in Cavell Meadows based upon three
models of stem establishment (30-year running mean on average summer temperature, 30-year
running mean on A. lasiocarpa growth, and A. lasiocarpa intervention model).
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Conclusion

Tree island expansion and establishment within Cavell Meadows was not found to follow
neither the microsite hypothesis nor the concentric expansion for the 11 islands
investigated. Thus past work done on tree island migration by Marr (1977) and Benedict
(1984) may not accurately represent the degree of movement in the Cavell Meadows tree
islands, but may be instead convoluted by other factors influencing stem establishment.
Pulses of establishment were instead found to be correlated to climatic parameters and
average radial growth patterns of A. lasiocarpa found growing in the lower continuous

forest.

Consistent with past work, A. lasiocarpa radial growth was identified as being controlled
by climatic parameters (Ettl and Peterson 1995, Kavanaugh 2000, Peterson et al. 2002,
Robichaud and Laroque 2005). The most significant climatic correlations in this study
were found to be negative correlation between summer temperatures of the previous year.
This is consistent with work done on A. lasiocarpa in the Pacific Northwest (Ettl and
Peterson 1995, and Peterson et al. 2002). A negative correlation between prior summer
temperature and stem establishment in Cavell Meadows was similarly identified,
suggesting that climatic parameters controlling tree growth in the continuous forest is
similar to those in the meadows. However because the climatic conditions in the lower
continuous forest are obviously different than in the meadows, the forecasted changes in

climate will likely complicate these future relationships
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CGCM3 modeled future mean summer temperature was forecasted to increase over the
next 100 years. As a result, A. lasiocarpa future annual radial growth was modeled to
decline. Five different models were constructed that were based off of mean summer
temperature and/or tree growth to hypothesize tree island expansion and establishment.
Establishment pulses were only defined as occurring when three or more of the models
were in agreement. Thus three future pulses could be identified to occur: 2007-2012,
2019, and 2039-2041. However, because this combined model includes the trends
derived from future forecasts and historic averages, it fails to predict pulses in the later

2100s century where derivations from historic averages are greater.
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